Sintering of Ti-biphasic calcium phosphate (BCP) is difficult because of the chemical instability of the phases at high temperature. When the sintering temperature is above 1273 K, Ti reacts with BCP and forms CaO, TiO 2 , CaTiO 3 , TiP etc. Conventional vacuum sintering is common for Ti powder but for Ti-BCP composites, spark plasma sintering in an inert atmosphere is a quick method to overcome the issues associated with a prolonged reaction time. In this study, the effect of two different sintering processes on the sintering reactions and mechanical and biological properties of Ti-30 vol%BCP composites were investigated and compared. Detailed micro-structural and morphological analyses were conducted using scanning electron microscopy (SEM). Mechanical properties were characterized by relative density, Vickers hardness and compressive strength measurement. Phase characteristics were analyzed by X-ray diffraction (XRD) and energy dispersive spectroscopy (EDS). Cell viability and biocompatibility were investigated using the MTT assay and by examining cell morphology. In this study, the mechanical properties and biocompatibility for both, spark plasma sintered Ti-Ca-P composites were excellent compare to vacuum sintered composites.
Introduction
BCP, which is a mixture of Hydroxyapatite (HAp), Ca 10 (PO 4 ) 6 (OH) 2 and Tri Calcium Phosphate (TCP), Ca 3 (PO 4 ) 2 , is a potential implant for hard tissue replacement applications. Several studies have demonstrated that BCP is biocompatible with hard tissues and exhibits osteo-conductive properties. [1] [2] [3] [4] [5] BCP has been shown to form a direct bond with surrounding tissue after bone implantation. However, it has very poor mechanical properties, which severely limits its use in load-bearing implant applications. 6) This limitation could be overcome by using an appropriate metallic enforcer with HAp. [7] [8] [9] Functionally graded materials consisting of metallic and ceramic components 10) have been shown to improve the properties of several systems such as medical implant devices. On the other hand, titanium and its alloys are corrosion resistant, biocompatible, and self-passivating materials that have a much lower elastic modulus than Co-Cr alloys and stainless steel. The mechanical properties of titanium and its alloys are strong enough to be used as loadbearing implants, but their biocompatibility is significantly lower than that of calcium phosphate ceramics. 11, 12) In addition, the interface between titanium and host bone is a simple interlocking bond, which can lead to the loosening of the implant and the eventual failure of implantation. 13) Many efforts have been made to improve the mechanical properties of HAp 14, 15) and the biological properties of titanium and its alloys. 16, 17) Achieving a good combination of the bioactivity of HAp and the favorable mechanical properties of metals is considered a promising approach for the fabrication of more perfect biomedical devices for loadbearing applications in hard tissue engineering. Several studies have examined the potential of coating HAp on Ti surface with or without combination of Ti. Several methods of coating Ti have been developed including plasma spraying, dip-spin, electro chemical, etc. [18] [19] [20] [21] [22] [23] However, coating Ti metal surfaces is complex because the bonding strength of the interface of Ti and BCP is very low. Therefore, it is very difficult to uniformly coat an implant with a complex structure using this technique. The most widely used coating method is plasma spray coating, which severely damages the HAp. [18] [19] [20] [21] [22] 31) BCP and Ti duplex metal-matrix composites can be viewed as a potential alternative but there are also some unique problems associated with using this approach. At higher temperature, Ti is oxidized and TiO 2 and other oxide products are formed. It has also been shown that at temperatures higher than 1173 K, HAp starts dissociating into other CaP phases. In a study involving heat treatment of HAp-Ti powder mixtures (10-20 mass% Ti) at a fixed temperature of 1373 K and under vacuum, it was shown that HAp transforms into a number of CaP phases, like -TCP, TTCP (tetracalcium phosphate) etc. 24) In a different study, HAp powders containing 10-40 mass% Ti powder mixture composites were sintered in air at temperatures range from 1273-1673 K for 2 h. Under these conditions, the final products were TCPTiO 2 , CaTiO 3 and CaO. 25) It was previously shown that a chemical reaction between TiO 2 and HAp took place upon heating above 1233 K and this reaction led to the formation of Ca 3 (PO 4 ) 2 and CaTiO 3 . 25) In another attempt 26) to fabricate Ti-20 mass%HAp composites using the hot pressing method, it was concluded that the existence of a Ti metal phase can promote the dehydroxylation and decomposition of the HAp ceramic phase into more stable calcium phosphate phases, such as -TCP and Ca 4 O(PO 4 ) 2 at high temperatures. Despite these previous studies, the difference in biocompatibility and phase behavior of Ti-CaP systems fabricated by the conventional vacuum sintering and short duration external pressure assisted spark plasma sintering approaches has not yet been examined. Thus, the main goal of the present study was to assess this difference.
In this study, Ti with 30 vol%BCP composites were fabricated using the vacuum sintering method and spark plasma sintering method. The sintering temperatures were 1673 K for vacuum sintering and 1473 K for spark plasma sintering. X-ray diffraction (XRD), scanning electron microscopy (SEM) and energy dispersive spectra (EDS) were used to investigate and compare the phase behaviors and microstructures of the Ti-CaP composites fabricated by the two different sintering processes. In addition, the MTT assay and osteoblast cell growth on the composites surfaces were used to assess the cell viability and biocompatibility of TiCaP based composites.
Materials and Methods

Preparation of the composite
The 27) NH 4 OH was added to the solution to bring the pH > 9 and the sample was ultrasonciated for 4 h. The solution was then allowed to precipitate for 24 h. The precipitated BCP was washed to remove NH 4 OH and filtrated. After filtration, the cake was dried at 353 K for 72 h in an oven and then crushed. The BCP powder was then calcined at 1023 K for 2 h. 70 vol% of commercially pure titanium powder (À325 mesh, 99.5%, Alfa Aesar, USA) and 30 vol% BCP were mixed by ball milling in alcohol medium for 24 h. The mixture was then dried at 353 K for 3 h.
For vacuum sintering, pellets of 1.5 cm in diameter were made in a hydraulic pressure unit (Carver Inc., USA) with 5 tons of force. The green composite pellets were then sintered in vacuumat a temperature of 1673 K for 1 h. A heating rate of 4.55 K/min was used to raise the temperature from room temperature to 1673 K.
The mixed powder of titanium and BCP was consolidated by Spark Plasma Sintering (SPS) using SCM DR. Sinter LabÔ (Model SPS-515S). During consolidation, 1 g powder was charged into a graphite mold without pre-pressing and then heated to the desired sintering temperature 1473 K at a heating rate of approximately 192 K/min. A constant uniaxial pressure of 50 MPa was applied to the powder. An external power source provided a DC on-off pulsed electrical discharge to activate the particle surface throughout the sintering process. The on-off pulse ratio was 12 : 2. The spark plasma discharges were generated by an instantaneous pulsed direct current applied through electrodes at the top and bottom punches of graphite. Due to these discharges, the particle surface was instantaneously activated and purified, and concurrently self-heating phenomena were generated among these particles, leading to heat transfer to be completed in an extremely short time. After the sintering was completed, the sample was cooled to a temperature below 373 K within 12 min. A PR-type thermocouple was inserted into the graphite mold to measure the sintering temperature. The total time for SPS was less than 10 min and all the samples were consolidated to a pellet shape, 10 mm in diameter and 2 mm in height.
Characterization
The density of the composites was measured using the Archimedes method. The Vickers' hardness was measured using a hardness testing machine (Microvicker, Akashi, Japan) and the compressive strength was measured using a universal testing machine (Unitech TM, R&B, Korea). The microstructure of the composites was characterized using a Scanning Electron Microscope (JSM-6701F, JEOL Ltd., Japan). In addition, the composition and crystal structure of the composites were determined by X-Ray diffraction (Miniflex II, Rigaku, Japan).
In vitro study
The in vitro properties of the composite were assessed based on the MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, a tetrazole) assay using the L929 cell line and the cell morphology of individual cells using the MG63 cell line. BCP-Ti composites pellets were first chemically etched with a 20% H 2 SO 4 solution for 5 min in an ultrasonic bath. They were then cleaned with acetone, alcohol and deionized water sequentially in an ultrasonic bath for 5 min each.
The pellets were then autoclaved and submerged in a 12 mL solution of Roswell Park Memorial Institute medium (RPMI). The mixture was then incubated in a 5% CO 2 atmosphere for 72 h in a shaking incubator. After that, the medium was filtratedand the filtrate, referred to as the extract, was placed in a 50 mL tube. Previously cultured L929 cells were seeded onto 96-well microtiter plates (NunclonÔ, Nunc, Wiesbaden, Germany) at a density of 7 Â 10 4 cells/ well. After washing with PBS, the extract and medium solution were poured into the wells and placed in a CO 2 incubator for 72 h. The medium was then removed and 20 ml of 5 mg.mL À1 MTT was added to each well including one set of well not containing cells (control). After incubation for 3.5 h at 310 K in a culture hood, the media was carefully removed. After adding 150 ml of the MTT solvent, the plate was covered with Aluminum foil and agitated on an orbital shaker for 15 min. The absorbance was then read at 590 nm using an HP 8453 spectrophotometer.
To assess the effect of the composites on cell morphology, MG63 cells were seeded onto the composite pellets in a 24-multi well plate at a final density 2000 cells/well. After 30 min, the media was removed and the sample was dehydratated in ethanol solutions of 50%, 60%, 70%, 80%, 90%, 95% and 100%. Finally, the samples were fixed in 4% glutaraldehyde in PBS (pH 7.2) and keep at room temperature during drying. Similar procedures were performed 60 min, 90 min and 24 h after cell seeding. After the samples were dried, they were sputter-coated with Pt. The surface of the specimens was finally examined by scanning electron microscopy (SEM) at a voltage of 15 kV.
Results
Microstructure and morphologies
SEM images of the raw BCP and Ti powders are shown in Fig. 1 . The BCP powder consisted of nano particles (<100 nm particle size) and the Ti powder consisted of micro particle (literally less than 43 mm). The former had a spherical morphology ( Fig. 1(a) ) while the latter had an irregular spongy shape (Fig. 1(b) ). Representative SEM images of the two different sintered composites body are shown in Fig. 2 , where the vacuum sintered composite (a) had a more porous structure (pores are indicated by arrows) due to a lack of densification than the spark plasma sintered composite (c). In the enlarged images, it is clearly apparent that the microstructures of the vacuum (b) and spark plasma sintered (d) composite can be divided into two regions (coarse and fine zone). The coarse zone (indicated by C region) and the fine zone with a flat shape (indicated by F region) correspond to the Ti and CaP based phases respectively. Especially, in the spark plasma sintered composite, the grain size of the CaP phase zone was very fine (nano size) relative to the vacuum sintered body (about less than 4 mm).
Phase composition of the composites
The SEM microstructure and energy dispersive X-ray spectroscopy (EDS) profile of the Ti-BCP composite sintered by spark plasma sintering methods are shown in Fig. 3 . As shown in the EDS profile of Fig. 3(a) the SEM image of the spark plasma sintered composite surface and a line EDS profile. Based on the EDS profile shown in Fig. 3(a) , this composite contained the Ti metal phase everywhere in significant amounts and the pores were enriched with significant amounts of Ti, Ca and P. Thus, these pores may represent zones containing metal-ceramic phases. By analyzing the X-ray diffraction data (XRD) shown in Fig. 4 , we were able to mostly detect the phases. For vacuum sintered 30 vol%BCP-Ti composites, no monolithic HAp or TCP phase was observed. But for the spark plasma sintered 30 vol%BCP-Ti composites, a very small amount of -TCP was detected. The following phases were detected in both composites: Ti, TiO 2 , CaO and CaTiO 3 . In addition, for the spark plasma sintered composites, a lower amount of CaO and CaTiO 3 was formed, which may be due to the lower sintering temperature and duration time.
Mechanical characteristics of the composites
The mechanical properties of the Ti-30 vol%BCP composites sintered using the two different sintering methods are presented in Table 1 . The density of the vacuum sintered composite was 4320 kg.m À3 , which was less than the spark plasma sintered composite (4460 kg.m À3 ). The Vickers Hardness value and compressive strength of the spark plasma sintered composites was 736 HV and 784.9 MPa respectively, both of which were higher than that of the vacuum sintered composites (respectively 108.8 HV and 316.4 MPa). These results indicate that the spark plasma sintered composite had superior mechanical properties compared to the vacuum sintered composite.
In vitro experiments
To evaluate the cytotoxicity of the composites, cell viability and cell proliferation on the composites were determined using the MTT assay and by examining the morphology of surface grown cells. Figure 5 shows the results of the MTT assay with the L929 cell lines. The cell viability was better on the extract collected from the spark plasma sintered composite than the vacuum sintered composite. However, in both cases, the cell viability in the presence of 100% extracts was more than 80%. Attachment and proliferation of MG63 osteosarcoma cells on the vacuum sintered Ti-30 vol%BCP composite body are shown in Fig. 6 . Figures 6(a) and (d) show the cell morphology after 30 min of incubation, Fig. 6(b) and (e) show images of the cell after 60 min of incubation and Fig. 6 (c) and (f) are the cells after 90 min of incubation. 30 min after cell seeding (Fig. 6(a) and  (d) ), the cells remained round in shape and no such clearly visible filopodia were observed in the sample surface. However, the cells gradually became flattened with time and filopodia became clearly visible, all of which is indicative of cell attachment and proliferation on the composite surface. The cell morphology as a function of time on the spark plasma sintered Ti-30 vol%BCP composite is shown in Fig. 7. Figures 7(a) and (d) show the cells 30 min after cell seeding, Fig. 7(b) and (e) show the cells 60 min after cell seeding and Fig. 7 (c) and (f) show the cells 90 min after cell seeding. Based on Fig. 7 , it is clear that the spark plasma sintered composite was better than the vacuum sintered composite in regards to cell attachment and proliferation. 30 min after cell seeding, the cells became flattened and filopodia were remarkably visible on the surface of the composite. After 60 min of cell seeding (Fig. 7(b) and (e)), the cells became so large and flattened that a single cell could not be images with the same magnification used for the vacuum sintered composite (Fig. 6(b) and (e) ). In addition, cell attachment to the spark plasma sintered composite was so excellent that only after 60 min of cell seeding the boundary line between the cell body and composites surface could not be clearly detected in some areas. Figure 8 shows SEM images of MG63 cells 24 h after cell seeding on the surfaces of the vacuum sintered and spark plasma sintered Ti-30 vol%BCP composites. One day after the cells were seeded the surfaces of the vacuum sintered and spark plasma sintered BCP-Ti composites were fully covered with cells.
Discussion
In this study, we attempted to investigate and compare the phase change, microstructure and biocompatibility of 30 vol%BCP-Ti composites fabricated under two different sintering conditions. Due to severe oxidation of titanium in the presence of air, composites containing titanium are generally sintered in vacuum or an inert atmosphere. On the other hand, due to the high heating rate and cooling rate, the duration of sintering is quite low for spark plasma sintering, which helps to shorten the reaction time between titanium and BCP. Based on the SEM morphologies and mechanical properties, it was clearly demonstrated that the spark plasma sintered composites were more densified than the vacuum sintered composites. When the 30 vol%BCP-Ti composites were sintered, TiO 2 , CaO and CaTiO 3 were formed through the appropriate reactions. During vacuum sintering, these reaction products formed on the titanium particle surface and were separated from the other particles, which led to a highly porous body that was not densified. However, in spark plasma sintering, an external pressure was applied during sintering, which helped the composite remain dense. From the XRD and EDS-SEM phase analysis, it was demonstrated that after sintering the composites contained large Ti particles whose surfaces were covered with TiO 2 and CaP dissociated products. In the vacuum sintering method, all BCP reacted with Ti due to absence of O 2 ; thus, no CaP phase was detected in the XRD pattern (Fig. 4(a) ) and the amount of CaTiO 3 in the composite was higher than that in the spark plasma sintered composite (Fig. 4(b) ). In addition, the amount of TiO 2 in the spark plasma sintered composites was much higher than that in the vacuum sintered body, which may be due to the presence of some O 2 in the inert atmosphere. In the spark plasma sintered composites, a very small amount of -TCP was present, which was mostly likely due to the very short time used for sintering.
The mechanical properties of the final composites are shown in Table 1 respectively. For both sintered composites, the strong phases were Ti and TiO 2 . So the density was higher than the theoretical value and the spark plasma sintered composite was denser because an external pressure was applied during sintering. The spark plasma sintered composite had a hardness value of 736 HV (Vickers Hardness) and a compressive strength value of 784.9 MPa, while the vacuum sintered composites had a hardness value of 108.8 HV and compressive strength value of 316.4 MPa. Both the hardness and compressive strength of the spark plasma sintered composites were greater than the vacuum sintered composites. This may have occurred because of poor sintering during the vacuum sintering process. Large sized Ti particles (avg. particle size 43 mm) were deposited on the surface, which were covered by small (avg. particle size for TiO 2 is 2-5 mm) dissociated products that separated the Ti particles from the other particles. This phenomenon prevented the composites from being properly sintered under the vacuum sintering condition. However, this hindrance was overcome during spark plasma sintering since an external pressure was applied. This is the primary reason why the final composites were stronger when fabricated using spark plasma sintering than vacuum sintering. Based on the mechanical properties of commercially pure titanium or titanium alloy based dental implants [28] [29] [30] and the Stem part of artificial Hip-Joints, 31, 32) the spark plasma sintered 30 vol%BCP-Ti composite would be an excellent candidate for use as dental implants or artificial hip joint.
Good cell viability is the most important pre-condition of a biomaterial. The MTT assay (Fig. 5) revealed that both vacuum sintered and spark plasma sintered 30 vol%BCP-Ti composites exhibited good cell viability. The MTT assay was performed using the L929 cell line, which is a fibrosarcoma cell line. The cell viability on the composite that was fabricated by spark plasma sintering was better than the cell viability on the vacuum sintered. From the XRD data it is clear that some of the -TCP remained in the spark plasma sintered composite while all the BCP was dissociated in the vacuum sintered composite. This may be the reason for the higher cell viability in the spark plasma sintered composite. Even though all the HAp reacted with Ti and formed TiO 2 , CaO and CaTiO 3 in the 100% extract, the cell viability on both composites was around 80%. This indicates that even after the reaction occurred, the composites remained biocompatible. The interface between the implant and the host bone is one of the most important aspects of biomaterials that are used in hard tissue repair applications such as dental implants and stem part of artificial hip-joint. The bonding type is considered to be a vital criterion for evaluating the biocompatibility and bioactivity of biomaterials. When the morphology of individual cells that had been incubated with the composites for 30 min, 60 min and 90 min were analyzed, both composites displayed good cell proliferation and cell attachment behavior as shown in Fig. 6 and Fig. 7 . As shown in Fig. 8, 24 h after cell seeding, the surfaces of the vacuum sintered and spark plasma sintered composites were fully covered with cells. This result demonstrated that the 30 vol%BCP-Ti composites fabricated by the two different sintering methods displayed good biocompatibility. In this study, the osteosarcoma MG63 cell line was used for cell morphology analysis. The cells bound to the composites surfaces and proliferated well. However, the spark plasma sintered composites showed better cell attachment and proliferation than the vacuum sintered ( Fig. 6 and Fig. 7) as predicted by the results of the MTT assay. A higher number of flattened cells mean the fluidity of the cells is higher. For spark plasma sintered composites, the cells flattened and filopodia were strongly attached to the composites surfaces, which clearly indicates that the final composites fabricated by spark plasma sintering displayed excellent biocompatibility.
Conclusion
In this study, we compared the phase change, mechanical properties and biocompatibility of Ti-30 vol%BCP composites fabricated by vacuum and spark plasma sintered processes. Although the initial materials were not fully preserved after carrying out the fabrication process and a whole new group of reaction products appeared, the biocompatibility of the fabricated materials was not compromised. Moreover, the mechanical properties and biocompatibility of the final composites fabricated by spark plasma sintering were remarkably better than the composites fabricated by conventional vacuum sintering. These combined results indicate that the Ti-30 vol%BCP composite fabricated by spark plasma sintering hold promise for eventual use as a hard tissue implant material for load bearing conditions. 
